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Abstract 16 
Vertical and lateral transports are of importance in continental shelf systems such as the North 17 
Sea and play a major role in the processing of organic matter. We investigated the 18 
biogeochemical consequences of these transports on particulate organic matter at the 19 
molecular level in the southern North Sea. We analysed suspended particulate matter and 20 
surface sediments for organic carbon, pigments and phospholipid derived fatty acids at 10 21 
stations sampled in September 2011 along the particle transport route. The particulate organic 22 
matter in both suspended particulate matter and surface sediment was mainly from marine 23 
phytoplankton origin but of fresher quality in the water column. Particulate organic matter 24 
quality did not change from south to north in the suspended particulate matter, whereas it 25 
 2 
clearly decreased towards the north in the surface sediments, reflecting a decreased intensity 26 
of benthic-pelagic coupling. However, we also observed strong deposition of fresh organic 27 
matter in the northern station denoting that occasionally, intense benthic-pelagic coupling can 28 
occur. Finally, our study highlights the necessity to use a multiproxy approach covering 29 
multiple characteristic time scales, when investigating both suspended particulate matter and 30 
surface sediments. 31 
 32 
Keywords: Particulate organic matter; biogeochemistry; biomarkers; transport processes; 33 
benthic-pelagic coupling; North Sea. 34 
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1. Introduction 36 
Continental shelves account for more than 20% of the total marine organic matter primary 37 
production and are thus highly productive ecosystems (Gattuso et al., 2005). Part of this 38 
produced carbon is respired on the continental shelf, a small part is buried and the remainder 39 
is exported to the open ocean. Continental shelves also receive relatively large amounts of 40 
terrestrially-derived organic matter from rivers and estuaries (Bianchi, 2011), such as in the 41 
southeastern part of the North Sea (Rhine-Meuse-Scheldt rivers outflow) (e.g. Eleveld et al., 42 
2008). In addition, continental shelf systems in temperate areas, such as the North Sea, 43 
account for a significant part of oceanic carbon dioxide uptake (e.g. Thomas et al., 2005; 44 
Borges, 2005) and global denitrification (Codispoti et al., 2001). Moreover these ecosystems 45 
are important with respect to harvestable resources but are also subject to major 46 
anthropogenic disturbances, especially in the North Sea (Halpern et al., 2008). 47 
Continental shelves are characterized by substantial vertical and horizontal transport vectors. 48 
Due to their shallow depths, continental shelf systems are characterised by an intense benthic- 49 
pelagic coupling, where the benthic compartment receives detritus and biological particles 50 
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settling out of the water column and returns, with some delay, dissolved material in the form 51 
of dissolved inorganic carbon and nutrients, consuming significant quantities of oxygen in the 52 
process (Soetaert et al., 2000). Another mode of benthic-pelagic coupling consists of the 53 
temporary retention of pelagically produced organic matter particles in the sediments, by 54 
successive deposition and erosion cycles, e.g. as induced by tidal currents.  55 
In addition to vertical interactions, continental shelf systems such as the North Sea are also 56 
characterized by across and along shelf exchange of water and material (De Haas, 1997). In 57 
the North Sea, the residual currents are directed from the southern North Sea via the frontal 58 
systems and the German Bight to the Skagerrak area (Otto et al., 1990). Particles are 59 
transported along this residual current and most accumulation eventually occurs in the 60 
Skagerrak, the depositional area of the North Sea (De Haas, 1997; Dauwe and Middelburg, 61 
1998). The combination of the residual flow and the repeated cycles of deposition of particles 62 
and resuspension of sediment is called organic matter spiralling, a concept that has been 63 
extensively investigated in rivers and estuaries (Newbold et al., 1981; Newbold et al., 1982; 64 
Newbold, 1992), but to date has not received focus in shelf areas. If important, then particle 65 
transport is significantly delayed relative to residual current velocities because of temporary 66 
deposition and retention in the sediments, and as a result extensive processing of organic 67 
matter will occur, with major consequences for its molecular composition, its availability to 68 
organisms and the functional biodiversity of its heterotrophic consumers.  69 
In the present study, we investigated the composition of particulate organic matter (POM) in 70 
surface seawater and surface sediments to assess the biogeochemical consequences of POM 71 
transport (both vertical and lateral) in the southern North Sea. Degradation rates differ 72 
consistently among organic compounds (Cowie and Hedges, 1994, Veuger and van Oevelen, 73 
2011; Veuger et al., 2012), and the quality of POM can thus be studied over a wide spectrum 74 
of organic matter degradation states, by analysing multiple levels of the ‘biomarkers pyramid’ 75 
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(see Bianchi and Canuel, 2011), i.e. bulk organic carbon, elemental composition (CN-molar 76 
ratio) and biomarker composition (pigments and phospholipid derived fatty acids). Linking 77 
the biochemical composition to calculated indicators of organic matter quality, our results are 78 
interpreted in terms of the intensity and predominant mode of benthic-pelagic coupling. 79 
 80 
2. Material and methods 81 
2.1. Study area and sampling strategy 82 
Ten stations were sampled in the Southern North Sea in September 2011 with R.V. Pelagia 83 
(Tab.1). The stations were chosen to study the gradient in POM quality along the general 84 
transport route of sedimentary organic matter in the southern North Sea (Lohse et al., 1995; 85 
Van Raaphorst and Malschaert, 1996; Dauwe and Middelburg, 1998; Fig.1). Stations (St.) 02 86 
and 07 were located in the primary production area (sensu Dauwe and Middelburg, 1998), 87 
whereas St. 20 in the German Bight, St. 30 in Oyster Grounds and St. 62 and 65 in the 88 
Skagerrak, were located in deposition areas (Fig. 1). 89 
Water samples were taken at 5 m depth using the ship’s non-toxic pumping device 90 
(Aquaflow) and filtered to collect Suspended Particulate Matter (SPM) on GF/6 filters (1-3 91 
μm pore size) for pigment analysis and 0.70 μm GF/F filters for bulk and PLFA analyses. For 92 
sediment samples, a multi-corer (Octopus type) with four cores of 100 mm diameter was 93 
deployed. The sediment cores were directly sliced onboard, per cm down to 10 cm deep, 94 
using a manual core slicer. In this study, we focused on the first layer (0-1 cm) of surface 95 
sediment (SS) for the analyses. The SPM and SS samples were stored at -20°C prior analyses, 96 
except SPM and SS pigment samples, which were stored at -80°C. 97 
 98 
99 
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 100 
Fig. 1. Map of the North Sea with sampling stations adapted from Dauwe and Middelburg 101 
(1998) 102 
 103 
2.2. Analyses 104 
Analyses of total nitrogen, organic carbon (OC), pigments, and phospholipid derived fatty 105 
acids (PLFAs) were performed. For nitrogen and OC analysis, SPM and SS samples were 106 
acidified with 6 M HCl to remove inorganic carbon and analysed using a Carlo Elba 107 
elemental analyser NA-1500 (Nieuwenhuize et al., 1994). For pigments, SPM and SS 108 
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samples were freeze-dried and extracted with 10 ml acetone/water (90/10; v/v). After 109 
centrifugation, 50 μl of this extract was analyzed for pigments on a C18-column with use of 110 
reversed phase chromatography (Jeffrey et al., 1997). The pigments were detected by a 111 
Photodiode Array and Fluorescence detector and identified based on their retention times and 112 
by comparison of their absorption spectra to a homemade library of absorption spectra of pure 113 
pigments standards (DHI, Denmark). The PLFAs were extracted from SPM and SS samples 114 
using the method described in Boschker et al. (1999) modified from Bligh and Dyer (1959). 115 
Porosity was determined by weight loss after freeze-drying, accounting for salt precipitation 116 
in the saline pore water. Grain size distribution was determined using a Malvern Mastersizer 117 
2000 particle analyzer. The SPM values are reported as the mean of two samples collected in 118 
the same area at the same time with standard deviation, for pigments and PLFAs at all stations 119 
and for Particulate Organic Carbon (POC) and CN ratio (CN-r) at St. 20. The results for 120 
surface sediments are for single samples. SS values for pigments and PLFAs are expressed in 121 
μg.gdw-1 with gdw for gram dry weight. 122 
 123 
2.3. PLFA nomenclature 124 
Each identified individual PLFA compound is expressed using the notation CA:Bωx, where A 125 
is the number of carbons, B is the number of double bonds, and x is the position of the first 126 
double bond relative to the terminal methyl group. Saturated fatty acid (SFA) concentrations 127 
were calculated as the sum of all individual compounds with no double bonds (notation 128 
CA:B), mono-unsaturated fatty acids (MUFA) as the sum of all individual compounds with 129 
one double bond (notation CA: Bω1) and poly-unsaturated fatty acids (PUFA) as the sum of 130 
all individual compounds with two or more double bonds (notation CA: Bωx with x ≥ 2) 131 
(Budge et al., 2006). Branched fatty acid (Br-FA) concentration was calculated as the sum of 132 
all individual PLFAs with the notation i- or ai-CA:Bωx, for iso- and anteiso-, respectively. 133 
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Finally the total PLFA concentration was calculated as the sum of all identified individual 134 
PLFAs in both SPM and SS samples. SFA, MUFA, PUFA and Br-FA are expressed as the 135 
percentage of total PLFAs (%-total PLFAs). 136 
 137 
2.4. POM quality derived parameters   138 
The North Sea is a complex system, where transport of water and matter varies spatially and 139 
temporally (e.g. Eleveld et al., 2008; Dobrynin et al., 2010; Tiessen et al., 2014). Therefore 140 
quantifying the timescales on which organic matter transport and degradation processes occur, 141 
remains a challenge. Nevertheless based on the timescales of molecule degradation rates 142 
(Cowie and Hedges, 1994, Veuger and van Oevelen, 2011; Veuger et al., 2012), we explore 143 
POM quality in terms of OM degradation and microbial reworking by POM quality 144 
parameters as follows (Fig. 2):  145 
i. Short time scales – Pigments have higher degradation rates compared to lipids and 146 
we used pigments derived parameters to assess the freshness of POM. Therefore 147 
the chlorophyll a to phaeopigment ratio (CHLA/PHAEOs), with the 148 
phaeopigments defined as the sum of pheophytin and phaeophorbide, and the 149 
intact to total pigments ratio (ITPIG) (Woulds and Cowie, 2009), where intact 150 
pigments are the sum of chlorophyll a, alloxanthin, diatoxanthin, zeaxanthin and β 151 
carotene were calculated. High ratios indicate fresh OM.  152 
ii. Intermediate time scales – Lipids have a lower degradation rate compared to 153 
pigments, but a higher one compared to bulk organic matter and amino acids 154 
(Veuger et al., 2012). Thus, the composition of the PLFA pool in terms of SFA, 155 
MUFA, PUFA and Br-FA was used to investigate POM quality and to assess 156 
bacterial biomass (Bechtel and Schubert, 2009; Christodoulou et al., 2009).  Low 157 
percentage of PUFA and high percentage of SFA indicate more extensive OM 158 
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degradation and high percentages of MUFA and Br-FA indicate higher bacterial 159 
biomass. 160 
iii. Long time scales – The CN-ratio was used to represent POM quality on the long 161 
time scale. Indeed the CN-ratio increases from Redfield up to values as high as 10 162 
with ongoing marine OM decomposition (Henrichs, 2005).  163 
To investigate the degree of benthic-pelagic coupling, the difference between SPM and SS 164 
values were calculated for each POM quality parameters as follows: 165 
Difference of i = SPM value of i – SS value of i 166 
where i represents the POM quality parameters. The closer to 0, the more intense is the 167 
benthic-pelagic coupling. 168 
 169 
2.5. Principal Component Analysis (PCA) 170 
To examine whether POM quality was influenced and/or controlled by the same factors in 171 
SPM and SS samples, a Principal Component Analysis was carried out using the software R 172 
(R Development Core Team, 2008). The PCA was performed based on POM quality 173 
parameters calculated for SPM and SS samples, i.e. chlorophyll a to phaeopigments ratio and 174 
intact to total pigments ratio for the short time scale; saturated fatty acid, mono-unsaturated 175 
fatty acid, poly-unsaturated fatty acid and branched fatty acid for the intermediate time scale; 176 
and the CN-ratio for the long time scale. 177 
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 178 
Fig. 2. Schematic picture of POM quality measure window. The degradation rate scale is 179 
based on results found by Cowie and Hedges (1994), Veuger and van Oevelen (2011) and 180 
Veuger et al. (2012). The variation of the CN-ratio (CN-r) has been reported by Henrichs 181 
(2005). CHLA/PHAEOs = Chlorophyll a to phaeopigments ratio, ITPIG = Intact to total 182 
pigments, PLFAs = Phospholipid derived Fatty Acids.  183 
 184 
185 
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3. Results 186 
3.1. Station main characteristics 187 
The characteristics of the stations are listed in Tab. 1. From St. 02 to 42, the water depth was 188 
relatively shallow (< 60 m) whereas St. 52, 62 and 65 were > 200 m deep. The surface water 189 
temperature and salinity varied between stations. The highest temperature (18°C) and salinity 190 
(35) were found at the southernmost St. 02. The northern stations St. 52 and 65 had the lowest 191 
temperature (14°C). Station 20 had the lowest salinity (29), probably due to its location close 192 
to the Elbe estuary. The organic carbon in SPM ranged from 0.11 mg-C.l-1 at St. 30 and 52 to 193 
0.58 ± 0.16 mg-C.l-1 at St. 20. In SS samples, total organic carbon increased from St. 02 194 
(0.02%) to St. 65 (2.28%). Porosity was relatively constant in the shallowest stations (from St. 195 
02 to 42), averaging 0.3 ± 0.1 and was higher in the deepest stations (St. 52, 62 and 65), 196 
averaging 0.7 ± 0.1. At St. 02, coarse (50%) and medium sand (44%) particles dominated the 197 
composition of the sediment. From St. 07 to 42, the sediment consisted predominantly of 198 
medium and fine sand (around 30-70%), except for St. 30, where the grain size was 199 
dominated by fine and very fine sand (68% and 24%, respectively). At St. 52, 62 and 65, the 200 
silt content was the highest (≥ 50%). 201 
 202 
3.2. Particulate Organic Matter composition 203 
In SPM samples, the pigment composition was dominated by chlorophyll a (1.10 μg.l-1 ± 0.27 204 
on average) (Tab. 2). Other chlorophylls (sum of Chlorophyll b, c and c3), fucoxanthin and 205 
peridinin were found in lower concentration (0.35 μg.l-1 ± 0.14, 0.27 μg.l-1 ± 0.14 and 0.04 206 
μg.l-1 ± 0.03, on average, respectively). Chlorophyll c3 was not detected (below detection 207 
limit) at St. 20, and neither was peridinin at St. 07. The degradation products of chlorophyll. 208 
a, i.e. phaeophytin a and phaeophorbide a, showed high concentrations at St. 20 (0.15 μg.l-1 ± 209 
0.03 and 0.27 μg.l-1 ± 0.04, respectively). The PLFAs were dominated at all stations by 210 
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C22:6ω3 and C20:5ω3 (0.67 μg-C.l-1 ± 0.38 and 0.34 μg-C.l-1 ± 0.13, on average 211 
respectively). The PLFAs C16:1ω7c and C18:1ω7c were also present at concentrations of 212 
0.18 μg-C.l-1 ± 0.07 and 0.11 μg-C.l-1 ± 0.04, on average respectively. The PLFA C16:4ω1 213 
was only detected at St. 02, 11, 17 and 42 at low concentrations (≤ 0.05 μg-C.l-1). The 214 
branched fatty acids, such as i-C14:0, i-C15:0, ai-C15:0, i-C17:0 and ai-C17:0 were also 215 
found in low concentrations (≤ 0.05 μg-C.l-1) and not at all stations. 216 
In SS samples, both pigments and PLFA concentrations increased from St. 02 to 65 (Tab.3). 217 
The pigment composition was dominated by chlorophyll a in the southernmost stations (St. 218 
02, 07 and 11), while the phaeopigments dominated the pigment composition from St. 20 to 219 
65. At St. 17, the concentrations of chlorophyll a and phaeopigments were similar (0.16 220 
μg.gdw-1). The concentration of fucoxanthin was also relatively high in the SS samples, 221 
ranging from 0.03 μg.gdw-1 at St. 02 to 0.81 μg.gdw-1 at St. 65. Chlorophyll c3 and peridinin 222 
were not detected in the SS samples and chlorophyll b was only detected at St. 30, 52 and 65 223 
in relatively low concentrations (≤ 0.2 μg.gdw-1). The PLFAs showed relatively high 224 
concentrations of C16:1ω7c and C18:1ω7c at all stations, followed by ai-C15:0, C22:6ω3 and 225 
C20:5ω3. The branched fatty acids, such as i-C14:0, i-C15:0, ai-C15:0, i-C17:0 and ai-C17:0 226 
were also found in high concentrations, even if some, like i-C17:0, were not detected at all 227 
stations. 228 
 229 
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Tab. 1. Main characteristics of the stations. 230 
  St.02 St.07 St.11 St.17 St.20 St.30 St.42 St.52 St.62 St.65 
Latitude °N 51.56 52.60 53.19 53.80 54.40 55.00 56.00 57.50 58.00 58.50 
Longitude °E 2.01 3.50 2.51 5.26 8.10 5.00 7.50 7.50 9.50 9.50 
Depth  m 55 33 32 35 21 41 24 213 304 546 
Temperature °C 18 17 16 17 17 15 17 14 15 14 
Salinity  35 35 34 34 29 35 34 32 32 31 
            
SPM            
POC mg-C.l-1 0.15 0.13 0.14 0.22 0.58 ±0.16 0.11 0.15 0.11 0.14 0.14 
            
SS            
TOC %wt 0.02 0.03 0.06 0.10 0.11 0.12 0.07 1.17 1.42 2.28 
Porosity  0.2 0.3 0.3 0.3 0.3 0.4 0.3 0.6 0.6 0.7 
Coarse sand % 500-1000 μm 50 3 3 1 0 0 1 0 0 0 
Medium sand  % 250-500 μm 44 68 64 43 31 4 36 0 1 0 
Fine sand % 125-250 μm 2 30 33 49 62 68 55 14 5 6 
Very fine sand % 63-125 μm 1 0 0 3 7 24 7 36 21 18 
Silt % < 63 μm 4 0 0 4 0 4 0 50 73 75 
 231 
232 
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Tab. 2. Pigments and PLFAs in SPM samples. Results are presented as mean ± standard deviation. ND = not detected 233 
    St.02 St.07 St.11 St.17 St.20 St.30 St.42 St.52 St.62 St.65 
Pigments μg.l-1           
Chl.a  1.16 ±0.02 0.59 ±0.01 1.09 ±0.00 1.35 ±0.05 1.22 ±0.12 1.09 ±0.01 1.51 ±0.05 0.90 ±0.03 1.28 ±0.03 0.82 ±0.00 
Chl.b  0.14 ±0.00 0.09 ±0.00 0.09 ±0.00 0.05 ±0.00 0.20 ±0.01 0.12 ±0.00 0.14 ±0.00 0.10 ±0.00 0.11 ±0.01 0.15 ±0.00 
Chl.c  0.13 ±0.00 0.06 ±0.00 0.14 ±0.00 0.25 ±0.01 0.14 ±0.01 0.14 ±0.00 0.20 ±0.00 0.11 ±0.00 0.16 ±0.01 0.09 ±0.00 
Chl.c3  0.04 ±0.00 0.03 ±0.00 0.05 ±0.00 0.05 ±0.00 ND 0.10 ±0.01 0.07 ±0.01 0.05 ±0.00 0.08 ±0.01 0.05 ±0.00 
Feo  0.04 ±0.00 0.02 ±0.00 0.03 ±0.00 0.03 ±0.00 0.15 ±0.03 0.02 ±0.00 0.04 ±0.00 0.01 ±0.00 0.02 ±0.00 0.02 ±0.00 
Fuco  0.33 ±0.00 0.13 ±0.01 0.35 ±0.00 0.34 ±0.02 0.33 ±0.04 0.20 ±0.01 0.55 ±0.01 0.15 ±0.00 0.23 ±0.01 0.10 ±0.00 
Peri  0.02 ±0.00 ND 0.03 ±0.00 0.36 ±0.01 0.04 ±0.01 0.04 ±0.00 0.04 ±0.00 0.06 ±0.00 0.10 ±0.00 0.06 ±0.00 
Pheo  0.04 ±0.01 0.01 ±0.00 0.02 ±0.00 0.02 ±0.02 0.27 ±0.04 0.01 ±0.00 0.09 ±0.08 0.01 ±0.00 0.01 ±0.00 0.01 ±0.00 
PLFAs μg-C.l-1           
i-C14:0  ND ND ND ND ND ND ND ND ND ND 
i-C15:0  0.03 ±0.00 0.02 0.02 0.04 ±0.02 0.03 ±0.00 ND 0.01 ND 0.02 0.02 ±0.01 
ai-C15:0  0.02 ND ND 0.02 0.03 ±0.00 ND ND ND 0.02 0.02 
C16:1w7
c  0.26 ±0.05 0.14 ±0.06 0.15 ±0.14 0.25 ±0.11 0.21 ±0.01 0.08 ±0.00 0.14 ±0.05 0.11 ±0.01 0.21 ±0.13 0.26 ±0.09 
C16:4ω1  0.02 ±0.01 ND 0.02 0.05 ND ND 0.03 ND ND ND 
i-C17:0  0.01 ND ND 0.02 0.02 ±0.00 ND ND ND 0.02 0.02 
ai-C17:0  ND ND ND ND ND ND ND ND ND ND 
C18:1ω7c  0.15 ±0.02 0.08 ±0.02 0.08 ±0.07 0.19 ±0.08 0.15 ±0.01 0.06 ±0.01 0.09 ±0.04 0.07 ±0.01 0.13 ±0.07 0.14 ±0.05 
C20:5ω3  0.41 ±0.11 0.27 ±0.02 0.25 ±0.20 0.59 ±0.26 0.33 ±0.05 0.39 ±0.24 0.46 ±0.11 0.14 ±0.00 0.26 ±0.12 0.28 ±0.12 
C22:6ω3   0.64 ±0.18 0.52 ±0.12 0.38 ±0.29 1.60 ±0.77 0.25 ±0.00 0.51 ±0.03 0.77 ±0.34 0.40 ±0.06 0.76 ±0.28 0.84 ±0.24 
 234 
235 
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Tab. 3. Pigments and PLFAs in SS samples. Results are from single value. ND = not detected. 236 
 237 
    St.02 St.07 St.11 St.17 St.20 St.30 St.42 St.52 St.62 St.65 
Pigments μg.gdw-1           
Chl.a  0.04 0.12 0.28 0.16 0.16 0.17 0.09 0.64 1.16 1.44 
Chl.b  ND ND ND ND ND 0.01 ND 0.01 ND 0.02 
Chl.c  0.01 0.02 0.03 0.02 0.02 0.02 0.01 0.07 0.10 0.14 
Chl.c3  ND ND ND ND ND ND ND ND ND ND 
Feo  0.01 0.01 0.04 0.05 0.04 0.09 0.04 0.40 0.94 0.93 
Fuco  0.03 0.07 0.18 0.09 0.09 0.07 0.05 0.30 0.44 0.81 
Peri  ND ND ND ND ND ND ND ND ND ND 
Pheo  0.01 0.01 0.07 0.11 0.19 0.18 0.11 1.42 1.44 2.07 
PLFAs μg-C.gdw-1           
i-C14:0  ND 0.01 0.01 0.03 0.03 0.03 0.03 0.07 0.09 0.13 
i-C15:0  0.01 0.03 0.06 0.13 0.17 0.13 0.12 0.26 0.29 0.58 
ai-C15:0  ND 0.04 0.10 0.20 0.31 0.29 0.27 0.40 0.49 0.72 
C16:1w7c  0.01 0.10 0.20 0.38 0.54 0.52 0.64 1.02 1.09 1.82 
C16:4ω1  ND 0.01 0.01 0.03 0.04 0.03 0.03 0.09 0.04 0.16 
i-C17:0  0.02 0.02 0.01 ND 0.01 ND ND ND ND ND 
ai-C17:0  0.02 0.03 0.01 0.01 0.02 0.02 0.02 0.09 0.08 0.10 
C18:1ω7c  0.01 0.09 0.22 0.36 0.47 0.43 0.56 1.18 0.98 1.81 
C20:5ω3  ND 0.08 0.17 0.11 0.07 0.10 0.25 0.47 0.46 0.43 
C22:6ω3   0.02 0.01 0.01 0.10 0.04 0.07 0.18 0.41 0.35 0.28 
 238 
 239 
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3.3. Particulate Organic Matter quality 240 
Pigment-derived parameters, CHLA/PHAEOs and ITPIG are presented in Fig. 3, the PLFA 241 
composition in Fig. 4 and the CN-ratio in Fig. 5.  242 
In SPM samples, the chlorophyll a to phaeopigments ratio (CHLA/PHAEOs) was quite 243 
variable, the highest value was found at St. 30 (44.2 ± 2.5) and the lowest at St. 20 (2.9 ± 0.3). 244 
At St. 02, 11 and 17, this ratio was around 18.4 ± 1.0 on average, while at St. 52, 62 and 65, it 245 
was around 32.0 ± 1.2. Contrary to CHLA/PHAEOs, the intact to total pigments ratio (ITPIG) 246 
was relatively constant over the stations, with an average value of 0.59 ± 0.05.  247 
The PLFA composition was relatively constant between stations and characterised by a high 248 
percentage of PUFA (58% on average). SFA and MUFA contributed 26 and 15% to total 249 
PLFAs on average, while Br-FA contributed less than 1%, except at St. 20 where it accounted 250 
for 4% to total PLFAs. The CN-ratio was relatively constant, averaging 6.1 ± 0.4. The highest 251 
value was found at St. 20 (6.9). 252 
In SS samples, the chlorophyll a to phaeopigments and the intact to total pigments ratio 253 
showed low values, especially the former (Fig. 3). Both pigment-derived parameters 254 
decreased from St. 02 to St. 65 (Fig. 3). The composition of the PLFA pool was dominated by 255 
MUFA (40% on average) at all stations, except St. 02, where it was characterised by PUFA 256 
and SFA (44% and 41% of the total PLFA pool, respectively) (Fig. 4b). At the other stations, 257 
the percentages of SFA were relatively constant (25% on average). The percentages of MUFA 258 
and Br-FA were the highest at St. 20 (43% and 24%, respectively) and St. 30 (43% and 22% 259 
respectively) and the percentages of PUFA, the lowest (10%  and 11%, respectively). The 260 
CN-ratio increased from St. 02 (6.2) to St. 65 (9.8) (Fig. 5). 261 
The difference between SPM and SS samples varied between stations and between parameters 262 
(Fig. 6). For the pigment derived parameters (CHLA/PHAEOs and ITPIG), the difference 263 
between SPM and SS samples was positive and higher in the northernmost stations (St. 30, 264 
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52, 62 and 65) compared to the southernmost stations (from St. 02 to 20) and St. 42. A similar 265 
trend was observed for the CN-ratio but the difference between SPM and SS was negative. 266 
The difference of PUFA was positive and increased from St. 02 to St. 30, followed by a 267 
decrease to St.52 and a slight increase to St. 65. The difference of MUFA was positive at St. 268 
02 and negative at the other stations, and decreased from St. 02 to St. 30 before it slightly 269 
increased to St. 52 and decreased again to St. 65 as did the difference of Br-FA. The 270 
difference of SFA between SPM and SS samples varied between stations and was positive at 271 
St. 07, 11, 17, 52 and 65, and negative at the other stations (< -5% at St. 20, 30, 42 and 62, 272 
and about -15% at St. 02). 273 
 274 
3.4. Principal Component Analysis 275 
The PCA results on POM quality parameters are presented in Fig. 7. The first PCA axis 276 
explains 81% of total variation. This axis separates the SPM samples on the left, scoring 277 
negatively on this axis and the SS samples on the right, scoring positively on this axis except 278 
for SS of St. 02 and 07. The SPM samples are characterised by higher values of chlorophyll a 279 
to phaeopigments and intact to total pigments ratios (A and B), whereas the SS samples are 280 
characterised by higher values of SFA (C), MUFA (D), PUFA (E), Br-FA (F) and CN-molar 281 
ratio (G). The second axis of the PCA explains another 10% of the variation. The chlorophyll 282 
a to phaeopigments ratio (A) and the PUFAs (E) scored positively for SPM of St. 30, 62, 65, 283 
17 and 52 and for SS of St. 52, 62 and 65. 284 
285 
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 286 
Fig. 3. (a) Chlorophyll a to phaeopigments (CHLA/PHAEOs) and (b) intact to total pigments 287 
(ITPIG) ratios for SPM (white bars) and SS (black bars) samples. Note the different scale 288 
between SPM (left axis) and SS samples (right axis) for CHLA/PHAEOs. 289 
290 
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 291 
Fig. 4. Cumulative contribution of saturated fatty acid (SFA), mono-unsaturated fatty acid 292 
(MUFA), branched fatty acid (Br-FA) and poly-unsaturated fatty acid (PUFA) to total 293 
phospholipid derived fatty acid (PLFAs) in SPM (a) and SS (b) samples. 294 
295 
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 296 
Fig. 5. Carbon to nitrogen molar ratio (CN-r) in SPM (white bars) and SS (black bars) 297 
samples. 298 
299 
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 300 
Fig. 6. Difference between SPM and SS values for each POM quality parameters (i.e. 301 
CHLA/PHAEOs, ITPIG, SFA, MUFA, PFA, Br-FA and CN-r). 302 
303 
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 304 
Fig. 7. Plot of the Principal Component Analysis (PCA) for SPM (white squares) and SS 305 
(black squares) samples. Arrows represent the different POM quality derived parameters 306 
calculated for SPM and SS samples over various time scales: A = chlorophyll a to 307 
phaeopigments ratio and B = intact to total pigments ratio (‘short time scale’, dashed line); C 308 
= saturated fatty acid, D = mono-unsaturated fatty acid, E = poly-unsaturated fatty acid and F 309 
= branched fatty acid (‘intermediate time sale’, dotted line); and G = carbon to nitrogen ratio 310 
(‘long time scale’, solid line). 311 
 312 
4. Discussion 313 
Although the North Sea is a well-studied area, previous investigations usually focused either 314 
on OM transport at specific sites (e.g. Kattegat and Skagerrak – De Haas and Van Weering, 315 
1999; Oyster Grounds – Van Raaphorst et al., 1998) or OM degradation in the sediment using 316 
one or two classes of specific biomarkers (e.g. amino acids and hexosamines – Dauwe and 317 
Middelburg, 1998; phytopigments – Boon et al., 1998; phospholipid fatty acids – Stoeck et 318 
al., 2002). To our best knowledge, this is the first time that several molecular biomarkers in 319 
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both SPM and SS samples are analysed at 10 stations located along the transport route of OM 320 
in the North Sea. Our results are discussed in terms of POM composition, POM quality, and 321 
the factors controlling POM quality both in the water column and the surface sediment.  322 
 323 
4.1. Particulate Organic Matter composition. 324 
4.1.1. In the surficial seawater 325 
Our SPM samples, taken at 5 m depth, showed a mean organic carbon concentration of 0.19 326 
mg.l-1 ± 0.14, which was consistent with data found by Kuerten (2010) during the same period 327 
(Tab. 2). At St. 20, the POC concentration was relatively high (0.58 mg.l-1 ± 0.16) due to its 328 
location close to the Elbe estuary (Middelburg and Herman, 2007). The individual pigment 329 
and PLFA concentrations indicated the presence of diatoms in our SPM samples. At all 330 
stations, chlorophyll a and fucoxanthin, biomarkers for diatoms (Wright and Jeffrey, 1987; 331 
Wright et al., 1991) were found in high concentrations as well as C20:5ω3, a known diatom 332 
biomarker (Volkman et al., 1989; Ahlgren et al., 1992; Dunstan et al., 1993) (Tab. 2). The 333 
PLFA C16:4ω1, also a diatom biomarker (Dunstan et al., 1993; Viso and Marty, 1993) 334 
supported this at St. 02, 11, 17 and 42. Furthermore, peridinin in pigments and C22:6ω3 in 335 
PLFAs indicated the presence of dinoflagellates (Jeffrey, 1974; Dalsgaard et al., 2003) while 336 
the chlorophylls b, c and c3 were attributed to the presence of chlorophytes (Jeffrey, 1976). 337 
These results, reinforced by a CN-molar ratio of on average 6.1 ± 0.4 (Fig. 5) were consistent 338 
with the typical organic matter composition in marine phytoplankton (Henrichs, 2005) and a 339 
clear reflection of basin-wide primary production. Our SPM samples also contained the PLFA 340 
C18:1ω7c and in lower concentrations at some stations the PLFAs i-C15:0, ai-C15:0 and i- 341 
C17:0. These PLFAs are known biomarkers for bacteria: the first denoting the presence of 342 
Gram-negative Proteobacteria (Braeckman et al., 2012), the latter indicative for Cytophaga- 343 
Flavobacteria and Gram-positive bacteria (Dalsgaard et al., 2003). The PLFA C16:1ω7c was 344 
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also found in our SPM samples in relatively high concentrations (0.18 μg-C.l-1 ± 0.07). This 345 
PLFA can be attributed either to diatoms or bacteria (Dalsgaard et al., 2003). Compound 346 
specific carbon isotope analysis of C16:1ω7c indicated that this PLFA was dominantly from 347 
bacterial origin (data not shown).  348 
 349 
4.1.2. Surface sediment  350 
Pigment and PLFA composition in SS samples reflected findings in the SPM samples. Here 351 
also, chlorophyll a and fucoxanthin exhibited relatively large concentrations at all stations, 352 
indicating a diatom-source, which was corroborated by PLFAs (C20:5ω3 and C16:4ω1; Tab. 353 
3). The absence of peridinin and the other chlorophylls (chlorophylls b and c3) however, 354 
suggested either that dinoflagellates and chlorophytes did not reach the seafloor or degraded 355 
faster than diatom-derived material. Pigment composition in SS samples was also 356 
characterised by increasing concentrations of chlorophyll a degradation products, i.e. 357 
pheophytin a and phaeophorbide a, from St. 02 to St. 65 (Tab. 3). Moreover, SS samples 358 
contained high concentrations of C16:1ω7c. Like in SPM, δ13C-C16:1ω7c indicated that this 359 
PLFA was from bacterial origin (data not shown). This was reinforced by the relatively high 360 
concentrations of individual PLFA biomarkers typical for bacteria, such as C18:1ω7c (Tab. 3) 361 
and by the increase of MUFA in SS samples compared to SPM samples (Fig. 4). Bechtel and 362 
Schubert (2009) attributed high percentages of MUFA to enhanced contributions from 363 
bacterial lipids. Summarising, the POM composition in SS was a mixture of OM of 364 
phytoplankton and bacterial origin. 365 
No evidence of terrestrial-derived POM was found, even in the stations receiving freshwater 366 
input (lower salinity at St. 20, 52, 62 and 65). This may partly be due to the choice of 367 
biomarkers analysed, but our unpublished stable carbon and nitrogen isotope analysis of bulk 368 
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organic matter, and compound specific isotope analyses of PLFAs indicate that the POM in 369 
this study was primarily from marine origin.  370 
 371 
4.2. Particulate Organic Matter transport processes 372 
4.2.1. Vertical transport of POM 373 
The similarity in POM composition of surface waters and underlying sediments clearly 374 
indicate that POM from the surface seawater was deposited on the sediments. The organic 375 
compounds analysed have different rates of degradation (Cowie and Hedges, 1994; Dauwe 376 
and Middelburg, 1998; Woulds and Cowie, 2009, Veuger et al., 2012) and this allows to 377 
assess the degradation state of POM in the water column and in surface sediments over 378 
several time scales.  379 
The results indicate that POM was fresher in SPM than in SS samples at all stations. In short, 380 
CHLA/PHAEOs and ITPIG were higher in SPM than SS samples (Fig. 3), while also the 381 
PLFA composition changed, with lower concentrations of PUFA and higher concentrations of 382 
MUFA and SFA in SS samples (Fig. 4). Since PUFA are less resistant to diagenetic 383 
degradation than MUFA and SFA (Farrington et al., 1988; Wakeham and Canuel, 1990), this 384 
indicates more degraded POM on the top of the sediments. In addition, Br-FA in sediments 385 
increased at all stations suggesting a higher contribution of bacterial OM (Bechtel and 386 
Schubert, 2009) (Tab. 3, Fig. 4b). Moreover, during initial stages of OM degradation, the CN- 387 
molar ratio of POM from marine origin usually increases due to the preferential degradation 388 
of N-rich components (Middelburg and Herman, 2007); and higher CN ratios were observed 389 
at all stations in SS compared to SPM samples (Fig. 5). 390 
However, the difference between SPM and SS samples varied between stations and between 391 
POM quality parameters (Fig. 6). On average, the highest differences between SPM and SS 392 
samples were found at St. 30, 62 and 65, where organic matter was in a more advanced 393 
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degraded state compared to the suspended organic matter. Such results were expected as St. 394 
30 is located in the Oyster Grounds, a semi-depositional area (Otto et al., 1990) and St. 62 395 
and 65, the deepest stations are at the end of the sedimentary OM transport route (Lohse et al., 396 
1995; Van Raaphorst and Malschaert, 1996; Dauwe and Middelburg, 1998; Fig.1). The large 397 
difference between SPM and SS samples for the CN-molar ratio at St. 62 and 65 can be 398 
explained by the importance of an older fraction in the SS samples (Fig. 5 and 6). Indeed it 399 
has been reported that the major fraction (53 to 63%) of the total suspended matter of the 400 
North Sea is deposited in the Skagerrak (Eisma, 1990; Dauwe and Middelburg, 1998) and this 401 
is highly degraded. Particulate organic matter undergoes remineralisation while settling 402 
vertically through the water column, therefore the deeper is the water column, the more 403 
degraded the POM reaching the seafloor. Furthermore these stations (St. 62 and 65) seemed 404 
to receive a larger share of freshwater inputs (lower salinity, Tab. 1), although no evidence of 405 
substantial quantities of terrestrial-derived OM was observed.  406 
For the other parameters, except SFA and ITPIG, the highest difference between SPM and SS 407 
samples were found at St. 30. Rapid remineralisation of recently-deposited organic matter 408 
(Van Raaphorst et al., 1998) and the deposition of POM from the upstream stations might 409 
explain this. In addition, St. 30 may also receive POM from the East Anglian Plume, 410 
transporting matter from river discharge and seafloor erosion, thus with an advanced 411 
degradation state (Dyer and Moffat, 1998). 412 
The small difference of CHLA/PHAEOs between SPM and SS samples at St. 20 might be 413 
explained by the stormy weather the day of the sampling. Indeed stormy weather promotes 414 
the resuspension of the sediment especially at shallow depths (Tab. 1) (Gerritsen et al., 2001), 415 
and the water sampled at this station was turbid. This result might also be explained by river 416 
input as St. 20 is located in the German Bight, a region receiving freshwater from the Rhine, 417 
the Meuse and the Scheldt rivers (Eleveld et al., 2008).  418 
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4.2.2. Lateral transport of POC 419 
The decreasing OM quality in the sediments from the primary productive area (St. 02 and St. 420 
07) to the main deposition area (St. 65) was already demonstrated by Dauwe and Middelburg 421 
(1998) based on samples taken in 1994 and 1996. These authors investigated the sediment 422 
OM degradation state using amino acids and hexosamines and developed the Degradation 423 
Index (DI), an amino acid based index used as OM quality indicator. Our samples, taken more 424 
than 10 years later show similar trends. All our POM quality parameters, i.e. the decrease in 425 
pigments derived parameters (Fig. 3), the decrease of PUFA and SFA and the increase MUFA 426 
and Br-FAs (Fig. 4b) and the increase in CN-molar ratio (Fig. 5) from St. 02 to 65 427 
corroborated Dauwe and Middelburg (1998) results. All our parameters indicate increasingly 428 
higher relative contributions of degraded material from the primary production (St. 02 and 07) 429 
to the main deposition area at St. 65, and thus confirmed the degradation gradient in OM 430 
quality along the general transport route of sedimentary organic matter in the southern North 431 
Sea (Lohse et al., 1995; Van Raaphorst and Malschaert, 1996; Dauwe and Middelburg, 1998).  432 
In contrast, it appears that there is no degradation gradient in the sea surface water from St. 02 433 
to 65. Most of the POM quality parameters, such as ITPIG (Fig. 3b), the composition of the 434 
PLFA pool (Fig. 4a) and the CN-molar ratio (Fig. 5), were relatively constant in SPM and 435 
indicative of relatively fresh POM, i.e. a consistently lack of evidence for a substantial 436 
resuspended organic matter contribution. This was not true at St. 20, where evidence of 437 
resuspension was observed as mentioned above. The variation of CHLA/PHAEOs between 438 
stations (Fig. 3a) and especially its high values at St. 30, 52 and 62 can be attributed either to 439 
a rapid lateral transport from the primary production area (St. 02 and 07) to the main 440 
deposition area (St. 65) or to local primary production, which is more important than the 441 
possible advection of older material.  442 
 443 
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4.3. Factors controlling POM quality in the southern North Sea 444 
The above discussed results are summarised in the principal component analysis (PCA) 445 
presented in Fig. 7. Results clearly show a distinction between SPM and SS samples, 446 
indicating that OM quality in SPM and SS are not controlled by the same factors. The 1st axis 447 
of the PCA separates OM with a fresh signature, mainly SPM samples, from those that 448 
harbour more degraded material, mainly SS. The SS samples from St. 02 and St. 07 are 449 
positioned near to the SPM samples, indicating their relatively fresh signature. The PCA 450 
confirms that POM quality was relatively constant in the surface seawater, or did not provide 451 
consistent results from the productive area (St. 02 and 07) to the main deposition area (St. 62) 452 
(Fig. 1). The 2nd axis of the PCA, which explains another 10% of the variance in the data, 453 
relates to increasing CHLA/PHAEOs and PUFA for SPM at St. 17 and 30, and for both SPM 454 
and SS at St. 52, 62 and 65, indicating fresher OM in these samples compared to the others. 455 
Therefore the PCA also confirms (i) either a rapid lateral transport from the primary 456 
production area (St. 02 and 07) to the main deposition area (St. 65) or local primary 457 
production, which is more important than the possible advection of older material in SPM at 458 
St. 17,  30, 52,  62 and 65 and (ii) the deposition of relatively fresh OM on the surface 459 
sediments at St. 52,  62 and  65. Nevertheless, the first and second axes together position the 460 
SS according to the sedimentary OM transport route, from relative labile OM in the South 461 
(lower-left part of PCA) to more refractory in the North (upper-right PCA corner). The PCA 462 
clearly reveals the degradation gradient of POM quality in the sediments along the 463 
sedimentary OM transport route, where stations can be arranged in three groups: (i) the main 464 
primary productive area, i.e. St. 02 and 07, (ii) the conduit zone, comprising St. 11, 17, 20, 30 465 
and 42, and (iii) the deposition area at the end of the transport route (St. 52, 62 and 65) with 466 
more degraded OM. It is remarkable that the indices that represents the shortest time-scales, 467 
CHLA/PHAEOs and ITPIG, are designated to be most distinguishing between water-column 468 
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and sedimentary POM, while the composition of the PLFA pool (SFA, MUFA, PUFA and 469 
Br-FA) and the CN-molar ratio, which averages over intermediate and longer time scales sets 470 
apart the sedimentary samples. 471 
 472 
5. Conclusion 473 
We investigated the biogeochemical signatures of POM in the waters and surface sediments 474 
in the southern North Sea via a multiproxy approach. Our study showed that POM quality is 475 
not controlled by the same factors in the water column and in the sediments. There is 476 
consistent ageing of OM both from the water towards the sediment, and in the sediment, 477 
along the sedimentary OM transport route (Fig. 8).   478 
Our findings also show that exchange of material between the water column and the 479 
underlying sediment is important especially in the productive area. The divergence in quality 480 
of OM in water and sediment from the southwest to the northeast of the North Sea seem to 481 
indicate a lower degree of benthic-pelagic coupling along the transport axis (Fig. 8). 482 
However, occasionally, intense benthic-pelagic coupling can be observed, as is the case for 483 
the Skagerrak stations where strong deposition of diatoms was observed, and for a station in 484 
the German Bight where storm-induced resuspension significantly diluted the pelagic POM 485 
with sedimentary material (Fig.8). If lateral transport rather than in situ production would be 486 
of increasing importance along the transport route, we would expect to see a difference 487 
between the POM quality from the primary production to the main deposition area for both 488 
SPM and SS samples. Our results for the water column are not in line with this, as the quality 489 
does not display a clear spatial signal (Fig. 8).  490 
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 491 
Fig. 8. Conceptual pictures of the main conclusions of this study. The arrows represent the 492 
quality of POM. The light gray means fresh, dark means degraded POM. The triangle shows 493 
the intensity of benthic-pelagic coupling, the dashed line rectangle represents the occasional 494 
event of intense benthic-pelagic coupling, which can occur along the sedimentary OM 495 
transport route, such as the deposition of fresh POM in the depositional area. SW = Sea 496 
Water, SED = Sediment. 497 
 498 
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7. Terms and acronyms 506 
Br-FA – Branched fatty acid 507 
CHLA/PHAEOs – Chlorophyll a to phaeopigments ratio 508 
CN-r – Carbon to nitrogen ratio 509 
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ITPIG – Intact to total pigments ratio 510 
MUFA - Monounsaturated fatty acid 511 
OM – Organic matter 512 
PCA – Principal component analysis 513 
PLFA – Phospholipid derived fatty acid 514 
POC – Particulate organic carbon 515 
POM – Particulate organic matter 516 
PUFA – Polyunsaturated fatty acid 517 
SFA – Saturated fatty acids 518 
SPM – Suspended particulate matter 519 
SS – Surface sediment 520 
St. – Station 521 
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